Recycling techniques are important tools for rehabilitation of old and deteriorated asphalt pavements. The production of cold recycled mixes using reclaimed asphalt pavement (RAP) as aggregates provides economic benefits as it decreases transportation costs, energy consumption and gas emissions. Despite that, there is no internationally accepted methodology to design this type of mix. The present research evaluated the design of cold recycled mixes through different compaction methods and varying asphalt emulsion and cement contents. Different curing temperatures and periods were analyzed in order to propose a faster and more practical method for mix design in laboratory. Mechanical tests performed indicated that specimens compacted by the Marshall hammer provide similar results when varying asphalt emulsion and cement contents, while the Proctor hammer compaction was able to better capture the influence of these materials.
INTRODUCTION
In the past few decades, cold recycling of asphalt mixes has become an important technique to be used for the rehabilitation of old deteriorated asphalt pavements. Many researchers have focused on these techniques, and on the major benefits that they can provide in comparison to reconstructions with the use of new materials. Cold recycling brings benefits related to the reuse of materials, and the reduction of energy consumption and gas emission, which are directly related to environmental and economic advantages. The total, or partial, restoration of existing pavement layers with addition of new materials can be considered as recycling. The main objective of this process is to produce new pavement layers that are capable of resisting traffic load and different environmental conditions.
The petroleum crises in the 1970s increased the study of recycled materials for asphalt pavements application. In the past decades, the reclaimed asphalt pavement (RAP) has been widely used in the composition of recycled asphalt mixes, especially for the rehabilitation of damaged pavement structures. The use of hydraulic binder has also increased in order to promote better rigidity to these materials.
According to ARRA (2001) , the restoration of asphalt pavements is usually done by adding new layers while removing, or not, the damaged ones. The aggregates generally used in pavement construction are extracted from quarries that explore natural resources, initiating a production and transportation cycle that might lead to several environmental impacts, and that can also be very expensive. In road construction, the use of new materials can cost at least 50% more than the use of any type of recycled material (MnDOT 2000) .
D r a f t 4
Despite the well-known advantages and efficiency of cold recycled mixes, there is no internationally accepted standard to be used for their laboratory mix design, in spite of a few existing manuals and guidelines, such as the Wirtgen Cold Recycling Manual (2012) . The present study has the main purpose of evaluating different methodologies used in the design of cold recycled mixes with addition of asphalt emulsion and Portland cement. The research included the evaluation of different emulsion, cement and water contents with the use of different compaction methods (Marshall and Proctor) . It also included the mechanical characterization of recycled mixes after different curing processes. The emulsion and cement contents were varied among 2, 3 and 4%, and 0, 1 and 2%, respectively. Mechanical tests for unconfined compressive strength (UCS), resilient modulus (Mr), and indirect tensile strength (ITS) were performed for the different sets of mixes. Different curing processes included temperatures of 25, 40, 60, and 100°C, and time periods of 1, 3, 7, 28, 60 and 90 days.
BENEFITS OF RECYCLED ASPHALT PAVEMENTS
The increasing environmental concerns related to the use of natural resources and energy consumption have been helpful in the development of new recycling techniques in civil engineering projects, including pavements design and construction. The incorporation of old materials to new asphalt mixes instead of using new materials only provides environmental advantages, as it saves resources and avoids impacts related to extraction and transportation of raw products (Chiu et al. 2008 ). Chiu et al. (2008) evaluated the environmental impact of rehabilitating asphalt pavements using four different materials, which included three recycled asphalts: asphalt rubber, Glassphalt, and recycled hot mix asphalt (HMA), and one new HMA. They concluded that using the recycled D r a f t 5 HMA would reduce the eco-burden by 23% in comparison to the use of the traditional HMA. Also, the authors indicated that most of the eco-burden (42 to 50%) provided by rehabilitation of asphalt pavements is due to energy consumption, which is a good indication of the advantages of using cold recycling techniques.
A study conducted by Thenoux et al. (2007) proposed three pavement structural rehabilitations techniques: asphalt overlay, reconstruction, and recycling with foamed asphalt. Energy consumption was calculated considering the performance of the equipment and machinery used within the three processes. The authors concluded that the energy consumption ratio between reconstruction and recycling could vary from 2.5 to 3.4, depending on the design thickness proposed, which is directly related to the design traffic. The cold in place recycling with foamed bitumen had the lowest impact on the environment, reducing energy consumption, if compared to an asphalt overlay project and to the reconstruction project. Motta et al. (2014) estimated energy and cost savings, and the reduction of polycyclic aromatic hydrocarbons (PAHs) when using WMA instead of HMA as asphalt pavements surface layers. The energy consumption reduction considered, i.e., the heating of aggregates and the heating of steam.
The calculations lead to a saving of 15% in energy consumption. In relation to the fuel cost, the WMA would save approximately U$740.00 per kilometer if compared to the HMA. Regarding the PAHs emissions, which can be very toxic to nature and humans, the authors performed an evaluation of both in lab and on field, and found that the concentration of these substances are approximately three times higher when mixing and compacting HMA. D r a f t Giani et al. (2015) stated that the use of RAP coupled with the production of warm mix asphalt (WMA) is the key to a sustainable design of asphalt pavements, bringing environmental improvements. This technique would reduce carbon dioxide emissions in 12%, while the energy and water consumptions would decrease in 15%, each one, during the lifecycle of the road. Cold in place recycling decreases the use of new aggregates, the transport and the consumption of the plant.
All of these aspects provide benefits in terms of carbon dioxide emissions.
Other types of recycled asphalt materials are also reused in new asphalt pavements structures or in the rehabilitation of old structures, such as the recycled asphalt shingles (RAS). Yang et al. (2014) performed a laboratory and a field case study on using this material in roads of Ontario, Canada.
Their test results and field performances indicated RAS can be useful additive to hot mix asphalt if the mixes are correctly designed. Also, field testing showed that the surface friction of these structures are in good conditions, even when are subjected to different loading and environmental variables.
COLD RECYCLING WITH ASPHALT EMULSION AND PORTLAND CEMENT

Design of cold recycled mixes
The use of cold recycling techniques has been explored and developed in the past several years by different researchers around the world. Different compaction methods, aggregate size distributions, constituent materials, and curing processes have been proposed for the design of this type of mix. Kim and Lee (2006) used the Marshall compaction with 75 blows per face, while Recasens et al. (2000) and Baker et al. (2000) used the modified Proctor compaction and its standard parameters in order to obtain the optimum moisture content. Studies by Kuna et al. (2016) and Godenzoni et al. (2016) compared the use of Proctor and gyratory types of compaction; the first concluded that 140 D r a f t gyrations in the gyratory compactor provides density values close to the ones obtained for the Proctor compaction; the latter considered the Proctor compaction procedure for establishment of water content. Thanaya et al. (2009 ), Gao et al. (2014 , Lee et al. (2016) and Tabakovic et al. (2016) proposed the use of gyratory compaction to produce samples of cold recycled mixes. Lee and Kim (2003) recommended that at least four asphalt emulsion contents should be tested and that the number of gyrations used should be adjusted to achieve densities values that are similar to the ones normally obtained for field specimens.
Asphalt emulsion content
The addition of asphalt emulsion to cold recycled mixes provides flexibility, enhance cohesion among the RAP particles, which increases permanent deformation resistance (Kavussi and Modarres 2010 ). Different researchers have tested several percentages of emulsion and water to define the optimum contents of these materials to be incorporated into cold recycled mixes. Many tests have been performed to achieve this purpose: Marshall stability (Niazi and Jalili 2009); construction and traffic densification indexes (Gao et al. 2014 ); fracture energy (Charmot et al. 2013 ); ITS and retained ITS evaluation (Silva et al. 2013) . In general, a value of 2 or 3% of asphalt emulsion has provided the best results for the different materials and gradations evaluated.
Cement content
Cement is usually added to cold recycled mixes to provide better rigidity and improve the mechanical performance throughout the time. Niazi and Jalili (2009) 
Curing of cold recycled mixes
Previous laboratory tests and field data have indicated that the curing process, which includes the definition of temperature and time, have a significant impact on cold recycled mixes behavior (Kim et al. 2011 ). Past studies have proposed different temperatures and curing periods to be considered for this type of mix (Table 1) . Several agencies indicate the use of room temperature (around 25°C) for curing, with periods of time ranging from two hours up to three days.
Recently, a task group of many research laboratories from Europe, North America and South Africa developed a state of art and state of practice summary of processes to be used for specimen preparation and curing practices for cold recycled asphalt mixes. The study presented a review of scientific literature and practices done by different agencies on topics related to recycled asphalt mixes and to the evaluation of curing processes through field studies. The research concluded that the procedures for characterization controlling of cold recycled mixes are all in disagreement around the world. The only characterization that is common among the different standards and procedures is the gradation analysis. Compaction energy, temperature of curing, and curing time are controlled in different ways in the several laboratories and agencies studied (Tebaldi et al. 2014) .
The behavior of cold recycled mixes throughout their curing time has been widely studied and discussed. Modarres et al. (2011) reported a significant increase in stiffness of cold recycled mixes specimens after 28 days of curing. After 120 days, the rate of stiffness increase is very low, and the stiffness characteristics reach their ultimate stage. In relation to fatigue life, curing periods at 25°C did not have any major effect on their specimens. Samples cured after 7, 28, and 120 days presented similar results and similar fatigue life curve slopes.
EXPERIMENTAL DESIGN
In the present study, cold recycled mixes were designed using two different compaction methods, with RAP materials collected from an old deteriorated highway in Brazil, keeping the same aggregate size distribution (Figure 1 ). The limits are based on the Asphalt Academy (2009). The gradation curve is not in compliance with the limits provided, but it was kept unchanged because the original aggregate distribution size of the RAP material was used in a rehabilitation project in Brazil for the construction of the cold recycled mixture. The information about the field experiment of this rehabilitation project can be found elsewhere (Bessa et al. 2016) . A study by Perraton et al. (2016) proved that these materials fragment during the Proctor compaction and this has a direct relation to the Los Angeles abrasion values and to the particles sizes. The fragmentation test was performed to characterize the RAP materials used in the present research.
The results (Figure 2 ) indicate that the percent passing control sieve (PCS) is lower with higher temperatures. It is important to state that, for this study, the RAP fraction used in the test was 5/10mm (with mean particle size of 7.1mm). The Los Angeles abrasion test resulted in 28% of mass loss; and the percentage of flat/elongated RAP particles was 0% (ratio of 1:5).
D r a f t
As for the constituent materials used in the composition of the cold recycled mixes with the water and the RAP aggregate, a CP II Portland cement and a controlled-setting cationic polymer-modified asphalt emulsion (CRS-2P). The Marshall hammer (75 blows per side) was used to produce 100mm-diameter and 63mm-height specimens, according to ASTM D6926 (2010), as previously reported by Bessa et al. (2014) ; the other method used the standard Proctor compaction hammer to produce specimens that did not have the regular Proctor mold size, but 100mm-diameter and 200mm-height specimens. This was done in order to meet the triaxial test sample size. The main objective of this research was to define the better methodology to be used for the design purposes of this type of mix. Figure 3 presents the experimental design matrix done in the present research.
As Marshall compaction did not result in any major change on the mechanical behavior of the cold recycled mixes with variation of its constituents' content (Bessa et al. 2016) , another compaction method and sample size was evaluated with respect to the mechanical behavior. The Marshall compaction used 75 blows per face and its mold height was 63mm. For the compaction using the Proctor hammer, a 200mm-height and the modified compaction energy was used.
Initially three emulsion contents (2, 3, and 4%) were added to the cold recycled mixes along with 1% of cement. The samples were submitted to the curing process after they were extruded from the molds. The curing period was 7 days, and the temperature was controlled in a chamber at 25°C.
After that, the emulsion content was fixed at 3% with the cement contents varying in 0, 1, and 2%.
The amount of water presented in the asphalt emulsion composition (38%) was accounted during the blending of the materials. The compaction curves (dry density versus water content) are presented in Figure 4 . D r a f t
Asphalt emulsion content variation
Samples with 2, 3, and 4% of asphalt emulsion were prepared in the laboratory using the Proctor hammer. The values of dry density obtained presented minor differences within the same emulsion content when the water content was changed. The differences were less than approximately 0.05g/cm³, which means that the cold recycled mixes tend to be very similar in terms of dry density independent of the water content added during their mixing (similar with the observed in the Marshall samples). This might be explained by the gradation curve of the material, which contains very low percentage of fine fractions; Dafalla (2013) found similar tendency for 100mm × 100mm samples. The OMC, including the water from the asphalt emulsion, for each set of mixes would be 6.2% for the 2%-mixes, 5.8% for the 3%-mixes, and 5.3% for the 4%-mixes. Although the similarities in the dry density results (also observed in other referenced studies), the authors used the curve's 'peak value' because of the simplicity required for the mixture design method, and also because it was consistent with the workability (in a qualitative way) observed in the samples preparation. The comparison between the compaction results leads to 3% asphalt emulsion selection. Tests for UCS were performed in each specimen. The moisture loss during the curing period was also verified for each specimen. The results indicated that none of the specimens lost all of the water added during the compaction. An average value of 1.5% of water was kept inside the specimens' structure, which was very similar to what was reported by Batista and Antunes (2006) . In general, the higher the moisture content added, the higher the loss of moisture content.
Cement content variation
The cement content of the recycled mixes was initially selected as 1%, and new specimens with 0 and 2% of cement were prepared for comparison purposes. Only one sample for each condition was tested, once they were the same prepared for the compaction curve. The results indicated that there was a clear tendency of increasing strength with the increase in cement content. In relation to the OMC, increasing the cement content led to higher values since the presence of finer particles tend to increase the surface area that should be lubricated with water. Figure 6 presents the results of UCS tests. UCS values for the mixes without cement were very low in comparison to those mixes with 1 or 2% of cement. The variation of water content did not influence the results.
Conventional curing processes
After the study involving the variation on cement, water, and emulsion contents, the study focused on the effects of different curing processes, which included different temperatures and periods of time. The emulsion, water and cement contents were fixed at 3.0, 5.5 (4.36% of free water plus 1.14% of emulsion water), and 1.0%, respectively, which are values normally used in the field, and also the ones that produced the best recycled mixes in the laboratory in terms of volumetric and mechanical properties.
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The first curing method was done at 25°C in a temperature-controlled chamber with variation on curing periods: 7, 28, 60, and 90 days. For each time period, six specimens were compacted, with the same constituent's materials and volumetric characteristics. A six-sample set was tested for the resilient modulus, three for the ITS, and three for the UCS. The specimens had average dry density values of approximately 2,000kg/m³, independent of how much time they were submitted to curing before the mechanical test. The moisture content was verified before and after curing, and, after 28 days, the remaining water content was stabilized, and the steady state moisture content was in average 1.5%. This might have been correspondent to the water that was used for the cement hydration. Triaxial Mr tests were performed for all the specimens compacted. Every curing period was tested in order to verify the increase on the rigidity throughout the time (Figure 7) .
The results indicate that the mixes were not influenced in terms of resilient modulus by the confining pressures applied during the tests. This could be observed for any curing period, what means that is the samples did not likely behave as a granular material, due to the cohesion of the asphalt binder, and the cement hydration. That is the main reason why several researchers have proposed the characterization of cold recycled mixes with asphalt emulsion by means of dynamic testing (Giuliani and Rastelli 2004; Stimilli et al. 2013; Čížková et al. 2015) . Mr values increased between the first 7 and 28 days of curing in approximately 24%, but after 28 days there was no major increase on the specimens' rigidity, especially after 60 days, in which the recycled mixes presented values of Mr that did not change significantly. It is important to state that six specimens were tested for each curing period and that the variation among the results was very small (coefficient of variation lower than 10%). After the Mr tests, the specimens were submitted to the ITS (3 samples) and the UCS tests (3 samples). Figure 8 presents the results.
D r a f t 14
The results indicate that the ITS values increased until 60 days of curing. The average values obtained after this period was almost 100% higher than the one obtained at the first 7 days of curing. Between 60 and 90 days, the average tensile resistance decreased but the values remained very similar, so it is more likely that the minor differences observed are due to the materials and test variability itself. In terms of the variability found among the specimens subjected to the same curing period, the CV values were considered low, once they were all less than or equal to 10%.
In terms of UCS, the results had the same trend observed for the Mr and ITS tests. Values of resistance tended to increase with the increasing of curing time, resulting in ultimate values that were 100% higher than the ones observed in the first 7 days of curing. After 60 days, the compressive strength remained constant until the last curing age (90 days). CV values were also low for this test (less than 15%). For both ITS and UCS tests results, the Student's t test was done to compare the values obtained between 28 and 60 days of curing, and between 60 and 90 days of curing. The test resulted in p-values that were higher than the level of significance (Table 2) , which means that the average values can be considered as statistically equals for the given set of curing periods.
Accelerated curing
In order to accelerate the curing of the cold recycled mixes, for laboratory design purposes, different curing temperatures and times were investigated, with the objective of predicting the ultimate mechanical properties of these mixes in a faster and more practical process. A total of 27 specimens with same emulsion, water, and cement contents (3.0, 5.5, and 1.0%, respectively) were produced, and the temperatures (40, 60, and 100°C), and periods (1, 3, and 7 days) were combined, D r a f t 15 having 9 sets of different curing processes. It is important to state that the materials contents were based on the experimental test site constructed in a very heavy traffic highway in Brazil, which was part of a project described and detailed on Bessa et al. (2016) .
At this point of the study, only ITS tests were performed, once this is the parameter generally used in the design of cold recycled mixes in Brazil. The specimens were submitted to the tests at the standard temperature (25°C), so this means that after each curing process was finished, the specimens were stabilized to this temperature during a period of at least 5 hours. Figure 9 presents the ITS results for each temperature and each curing time.
The results indicate that using higher temperatures for curing processes can provide benefits for the design of cold recycled mixes with emulsion, once their final mechanical characteristics can be achieved in less time in comparison to the 25°C curing temperature (that is believed to be a temperature more similar to the temperature of this mixture in the field, once it is usually applied as a binder, or base layer). At the temperature of 40°C and after only 1 day, the specimens presented ITS values that were very similar to the ones obtained for mixes at 25°C after 7 days of curing. Increasing the curing period until 7 days also increased the resistance. The temperature of 60°C presented higher results, when compared to 40°C. The resistance achieved at this temperature in each curing age was the highest among all the curing temperatures studied. The results at 60°C were even higher than the strength found at the temperature of 100°C, which might be explained by a possible deterioration of the mixes' internal structure caused by the elevated temperature. Also, the temperature of 100°C might have quickly eliminated part of the water that would be used for cement hydration, and this would also have prevented the mixes to gain the resistance. Figure 10 The results show that after 7 days of curing, all the tested temperatures (40, 60 and 100°C) produced mixes with similar ITS values, which might indicate that this is the limit of strength gain for this type of mix. The temperature of 60°C produced the most resistant mixes in terms of ITS.
After 1 day, the referred temperature was able to reach an average ITS value of 0.5MPa, which was close to the value obtained for the curing process at 40°C after 7 days.
The ITS results for the curing method performed at 25°C clearly reached an average maximum value after 28 days of curing. This value is even lower than the ones obtained for the other temperatures in lower curing ages. The resistance of mixes at 25°C, after 60 or 90 days of curing, could be reached at the temperature of 60°C after only 1 day. This indicates that the accelerated curing method might be a good tool for designing of this type of recycled mix. After all the studies done considering different curing temperatures and periods, a cold recycled mixes design method can be proposed.
PROPOSITION OF COLD RECYCLED MIXES DESIGN METHOD
A protocol is proposed in this research paper for the cold recycled mixes design. The aggregate composition should consist of 100% of RAP materials, with a nominal maximum aggregate size (NMAS) of 19mm or lower; the asphalt emulsion can be modified or non-modified; the hydraulic additive should be cement or hydrated lime; and the water must be distilled. For compaction and curing processes, the Proctor compactor equipment and an oven capable of functioning at 60°C, with precision of 1°C, must be used.
D r a f t
The blending process consists in primarily mixing the RAP with the cement (or other hydraulic binder) at the amount desired. After that, the water is added, and then, the asphalt emulsion should be the last material to be added to the mix. The compaction process done with the use of the modified Proctor compaction should provide 100m-diamater and 200mm-height specimens.
In order to obtain the optimum asphalt emulsion, cement, and water contents, a few steps should be considered. First, three asphalt emulsion contents should be selected, with a variation of 1% among them. These contents should consist of values that are close to what is normally used in the field applications, according to RAP gradation and past experiences. For each emulsion content, five specimens with different water contents should be produced; the emulsion content that provides the highest values of maximum dry density should be selected for the following steps.
After that, three cement contents should be chosen. UCS tests should be performed in the different specimens that were cured at 60°C for 1 day, and the cement content that provides the best results (and higher that 0.20MPa) should be selected. The test speed should be 1mm per minute, and one must take care on stabilizing the temperature of the specimens at 25°C for at least five hours before the test begins.
In relation to ITS tests, the minimum value must be 0.40MPa after 1 day of curing at the temperature of 60°C. The test must be done at the temperature of 25°C, and at the speed of 50mm per minute. This time of curing, coupled with the temperature proposed, were found to provide the maximum strength that the cold recycled mixes can achieve.
The quantification of the binder dispersion into the sample was not considered in this study. The D r a f t 18 authors agree it is an important issue to be addressed in future work, since curing at 60°C (above the binder´s softening point) may cause redistribution of the asphalt, and consequently may change the sample´s permeability.
SUMMARY AND CONCLUSIONS
This paper aimed to propose a laboratory design method for cold recycled mixes with addition of asphalt emulsion and Portland cement. Marshall and Proctor compactions were used and the mixes constituents' percentages were varied in order to obtain optimum contents of water, asphalt emulsion and cement. Mechanical tests (Mr, ITS and UCS) were performed after different curing temperatures and periods. In general, Marshall-compacted specimens were not significantly influenced by the variation of their materials contents, while Proctor-compacted specimens presented variation on their mechanical behavior as asphalt emulsion and cement contents were varied.
The main contribution of this study is to provide a methodology for cold recycled mix design that includes the compaction method to be used and the process for defining the optimum contents of water, asphalt emulsion and cement. The Proctor hammer compaction is recommended once it seems to be more appropriate for this type of mix. The design procedure should include at least three asphalt emulsion contents. Five samples for each emulsion content should be prepared, with variation on their water content in order to obtain the optimum moisture content. The water present in the asphalt emulsion should be considered. UCS tests are then performed in order to design the mix.
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In relation to the curing procedure, it is recommended that the specimens are submitted to a curing temperature of 60°C during only one day. The present study provided results from different curing temperatures and ages and samples cured in this combination of temperature and curing period resulted in mixes with mechanical behavior related to ITS that were similar to what was found after 28 days at the temperature of 25°C. It is important to state that the conclusions provided here are acceptable for the gradation distribution of the cold recycled mixes produced in this research.
Other aggregate size distributions might lead to different results and relations. Another issue that should be further investigated is the influence of the proposed higher temperature (60°C) in the asphalt dispersion into the sample and in some potential change in its permeability. 
